Long-chain fatty acids are important nutrients, but obesity is the most com mon nutritional disorder in humans. In this study we investigated the effect of oleyl alcohol on the intestinal long-chain fatty acid absorption in rats. We administered [14C]oleic acid and oleyl alcohol as lipid emulsion intraduodenally in unanesthetized lymph-cannulated rats and measured the lymphatic output of oleic acid. Second, we orally administered lipid emulsion with a stomach tube and measured the luminal and mucosal oleic acid residues. Furthermore, rats were fed oleyl alcohol as a dietary component for 20 days, and fecal lipid and the weight of adipose tissues were measured. In lymph-cannulated rats, triglyceride and [14C]oleic acid output in the lymph were significantly lower in the presence of oleyl alcohol when compared with the absence of oleyl alcohol in a dose-dependent manner. The radioac tivity remaining in the intestinal lumen was more strongly detected in rats that had been orally administered oleyl alcohol than in the controls. The feces of rats fed an oleyl-alcohol added diet contained much higher amounts of lipids, and the weights of their adipose tissues were significantly lower than in the control group. These results suggest that oleyl alcohol inhibits the rat gastrointestinal absorption of long-chain fatty acids in vivo. Key Words long-chain fatty acid, oleyl alcohol, intestine, absorption, rats Fatty acids broken down from lipids by digestion are an important metabolic energy source, and they also provide building blocks for membrane lipids and act as cellular signaling molecules. On the other hand, obesity is the most common nutritional disorder in humans, and many people avoid diets that are high in lipids and fats. For various points of view in this area, many re searchers have conducted numerous studies on the mechanism of fatty acid absorption.
Fatty acids broken down from lipids by digestion are an important metabolic energy source, and they also provide building blocks for membrane lipids and act as cellular signaling molecules. On the other hand, obesity is the most common nutritional disorder in humans, and many people avoid diets that are high in lipids and fats. For various points of view in this area, many re searchers have conducted numerous studies on the mechanism of fatty acid absorption.
The cellular uptake of long-chain free fatty acids had been formerly considered to occur by a purely passive process. But since the 1980s, the existence of the car rier(s) that helps the absorption of long-chain fatty acids or other lipid-soluble molecules in the small intes tine has been reported (1) (2) (3) (4) (5) .
In our previous studies, fatty acids were found to acti vate the mobilization of 45Ca2+ in dispersed rat intes tinal cells (6) and in the rat intestinal cell line IEC-6 (7), and this effect was inhibited by the presence of fatty acid derivatives, such as methyl ester and long-chain al cohol, in vitro. These derivatives may disturb the func tions of fatty acids by inhibiting the recognition of fatty * To whom correspondence should be addressed . E-mail address: d53765@sakura.kudpc.kyoto-u.ac.jp Abbreviations: HBSS, Hanks' balanced salt solution; PEG4000, polyethylene glycol 4000; TC, sodium tauro -cholate.
acids by intestinal cells. The recognition might occur at the luminal surface of intestinal epithelium, and these inhibitory molecules could prevent fatty acids from being absorbed in the small intestine. Methyl ester can be easily hydrolyzed by esterase in the small intestine and is absorbed in a manner similar to fatty acids in rats (unpublished data), but long-chain alcohols may re main in an intact form. Long chain alcohols exist in the form of wax esters in marine organisms (8) and plants (9, 10) . Although the rate of wax ester hydrolysis is very slow in mammals, observations that long-chain al cohols from wax esters interacted with dietary fatty acids in the gastrointestinal tract were reported previ ously (11, 12) .
The purpose of this study is to examine the inhibitory effect of long-chain alcohols on long-chain fatty acid absorption in the small intestine of rats. During various stages, we administered oleyl alcohol in unanesthetized rats. In experiment 1, the effect of intraduodenally in fused oleyl alcohol on oleic acid absorption was investi gated by measuring the lymphatic output of oleic acid. In experiment 2, oleyl alcohol was orally administered by a stomach tube, and the luminal and mucosal oleic acid residues were measured. In experiment 3, rats were fed oleyl alcohol as a dietary component, and fecal lipid and their weights of adipose tissues were mea sured. for 5h. In an enzymatic assay, the rats were infused with either control (n=4) or 60mg of oleyl-alcohol added lipid emulsion (n=4). In a radioactivity determi nation study, the rats were infused with control (n=6), 30mg of oleyl-alcohol-added lipid emulsions (group A, n=3), and 60mg of oleyl-alcohol-added emulsions (group B, n=4). Lymph was fractionated every 15min during 5h after infusion, and an aliquot from each frac tion was used for triglyceride determination by means of a commercially available enzymatic kit (Triglyceride C test Wako; Wako Pure Chemical Ind., Osaka, Japan). Radioactivity was detected by using a liquid scintillator with the water-soluble scintillant Aquasol-2 (Packard Bioscience B. V., Groningen, The Netherlands). Experiment 2 (distribution of remaining radioactivity in the lumen) Experimental procedures. The rats were deprived of food overnight before the experiments were conducted. Control (30mg oleic acid with approximately 18kBq of [14C]oleic acid) or oleyl-alcohol-added (mixed with 60mg oleyl alcohol) lipid emulsions, prepared in a simi lar manner to those in experiment 1, were orally administered into the stomach of each of the 4 rats, using a stomach tube. As an unabsorbable marker, [3H]PEG4000 was simultaneously added to the lipid emulsions (18kBq each). After 3h of administration, the rats were anesthetized and the gastrointestinal tracts were divided by thread into five parts. The stom ach and the cecum were excised separately with care to prevent against any leakage of luminal contents. The small intestine was divided into three segments equal in length. The lumen of the segments was rinsed with 10mL of Hanks' Balanced Salt Solution (HBSS). The lu minal contents of each segment were collected together with the rinse solution and filled up to 20mL with HBSS. The mucosa from each segment was scraped off by using a glass slide and suspended in 10mL HYAMINE 10-X (Packard Bioscience B. V.). Aliquots were taken for the determination of radioactivity with Aquasol-2, using a liquid-scintillation counter. Experiment 3 (effect of oleyl-alcohol-added diet on lipid ab sorption in vivo)
Experimental diet. The control diet contained the following (g/100g diet): a-cornstarch, 45.2; sucrose, 10.0; casein, 20.0; cellulose powder, 5.0; mineral mix ture;, 3.5; vitamin mixture2, 1.0; L-methionine, 0.3; lard, 10.0 (Oriental Yeast Co., Japan); and soybean oil, 5.0 (Nacalai Tesque, Inc., Kyoto, Japan). The oleyl-alco hol-added diet was prepared by adding 2.5g of oleyl al cohol (Nacalai Tesque) to 100g of the control diet.
Experimental procedures. In this experiment, the rats were divided into two groups (10 rats per group) and fed either control or oleyl-alcohol-added diet by paired feeding: 102.5g of oleyl-alcohol-added diet against 100g of control diet. The rats were fed for 20d, after which food was withheld overnight. On d 5, 10, 15, and 20 of the experimental period, feces were col lected and lyophilized. After the ingestion period, the rats were anesthetized with ether and plasma was col lected. Their internal organs and epididymal and perire nal adipose tissues were excised and weighed. The dry weights of the lyophilized feces were measured, followed by a milling of the feces. The lipids were extracted from the feces by chloroform: methanol (2:1, v/v), accord ing to the method of Folch et al. (14) . The extract was dried by heating, and the total lipid weight was deter mined.
Statistics. Data are presented as means±SE. Statistical analyses were carried out with InStat Version 2.00 for Macintosh (GraphPad Software, San Diego, CA). In experiment 1, the significance of differences in results from enzymatic assays between two groups of rats was tested by using the nonparametric Mann Whitney test for independent variables (15) . Among the three groups (in the radioactivity determination assay), data were analyzed by using the nonparametric Kruskal-Wallis test for independent variables (16) , and Dunn's multiple comparison test (17) was conducted when we had significant results. In experiments 2 and 3, the significance of differences in results between the two groups of rats was tested by using the nonparamet ric Mann-Whitney test (15) even after 5h (data not shown). Radioactivity determination. Lymphatic triglyceride consists of absorbed oleic acid and internal fatty acids. To evaluate influx into the lymph of infused oleic acid more precisely, we administered the lipid emulsion con taining [14C]oleic acid. The radioactivity in the lymph of control rats increased to a peak at 1.25h and thereafter declined, whereas in group A it reached a low point at 1h, and the intensity of the point of group B at 1h was significantly lower (Fig. 2) . Thus for all groups the most radioactivity was detected early in the lymph, as early as 1.5h, and after 3.5h little radioactivity was de tected. In control rats, 42% and 47% of infused radioac tivity were recovered during 3 and 5h, respectively (Fig.  3) . Oleyl-alcohol-administered rats showed a marked depression of lymphatic radioactivity output in contrast to that of the control group (18% in group A and 8.7% in group B within 3h, and 26% and 10.5% within 5h, respectively). These data on radioactivity show a ten dency similar to the results of enzymatic determination of triglyceride output. Experiment 2
Distribution of [14C] oleic acid in the lumen. The re covery values of radioactivity in the lumen of rats ad ministered with lipid emulsions into the stomach by means of a stomach tube were corrected by the total amount of recovered radioactivity of [3H] PEG4000, an unabsorbable marker. In both groups, more than 60% of the PEG4000 was found in the lower intestine and 20% in the cecum. Of the total [14C]oleic acid adminis 
DISCUSSION
In this study, we investigated the inhibitory effect of long-chain alcohol on fatty acid absorption in the small intestine of rats. Most classical studies of the intestinal absorption of nutrients and other dietary components have used methods in which the intestine was acutely manipulated surgically, for example, the everted sac or the perfusion method. Because the studies are usually performed after acute surgical bowel manipulation and anesthesia, the results obtained from these methods could be influenced by the effects of surgery and anes thesia. In 1995, Uhing and Kimura (18) developed a chronically catheterized rat model and applied a dual infusion method to clarify the mechanism of glucose ab sorption. Using this model, they demonstrated that sur gical manipulation of the bowel with anesthesia, or with anesthesia alone, resulted in a significant decrease in active glucose transport. The lymph-cannulated rat model has been widely used in lipid absorption studies (19) (20) (21) (22) . The rats are unanesthetized and recover dur ing 24h after surgery. From these respects, this experi mental system is effective and applicable for the evalua tion of fatty acid absorption, and we used lymph-cannu lated rats as an animal model to elucidate the mecha nism of long-chain fatty acid absorption.
In our experiments, triglyceride output in the lymph after oleic acid administration decreased in the presence of oleyl alcohol. When only oleyl alcohol was infused into the intestine, lymphatic triglyceride output did not increase compared with the output of the food-deprived state, suggesting that oleyl alcohol was not converted to fatty acid. In the control rats, 47% of infused radioactiv ity was recovered within 5h after infusion. In oleyl-al cohol-administered rats, however, a marked depression of radioactivity output (26% in group A, with equal amounts of infused oleyl alcohol and oleic acid, and 10.5% in group B, with the amounts twice as much), was found in experiment 1. Furthermore, when orally administered, the radioactivity remaining in the lumen of intestine was more strongly detected in the rats si multaneously administered oleyl alcohol than in the control rats in experiment 2. In experiment 3, signifi cantly larger quantities of lipid excretion in feces and depression of lipid accumulation in the internal adipose tissues were observed in rats fed an oleyl-alcohol-added diet. In experiment 2, the large amount of [14C]oleic acid remaining in the stomach of the oleyl-alcohol-ad ministered rats might influence the decrease of lipid ab sorption. However, the depression of lymphatic output in experiment 1 occurred in the intraduodenally oleyl alcohol-administered rats. From these results, oleyl al cohol inhibited the fatty acid absorption in the intestine of rats.
Long-chain alcohols exist in the form of wax esters in nature. These esters are found at various levels of the marine food chain (8, 12) . In plants, wax is one of the components of cuticular lipids (9) and storage oil in seeds (10) . Long-chain alcohols are indeed contained in human foodstuff, and it may be possible that small amounts of long-chain alcohols free from wax esters are taken into the gastrointestinal tract andandinteract with dietary fatty acids (11) .
A possible reason for the inhibition of fatty acid ab sorption by oleyl alcohol could be the interaction of long-chain free fatty acids with oleyl alcohols in the in testinal lumen. In the intestinal lumen, long-chain fatty acids, derived from dietary triglyceride mainly through digestion by pancreatic lipase, are assembled micelles to be solubilized in the luminal liquid. It is possible that oleyl alcohol exerts an influence on the condition of mi celles in the lumen. Sallee (23) reported the permeation of medium-chain alcohols in rat intestine by using the everted sac methods. Alcohols permeated less than fatty acid that have the same number of carbon chains, and longer-chain alcohol was more difficult to permeate than shorter-chain alcohol. From these observations, oleyl alcohol was difficult to be absorbed. A large amount of unabsorbed oleyl alcohol remaining in the lumen may inhibit the fatty acids from being free monomers, and as a result, the absorption into entero cytes may decrease.
Another explanation was that oleyl alcohol might in hibit the intestinal absorption of oleic acid, possibly as a competitive inhibitor. The experimental models used in the studies on nutrients transport systems of intestine usually use cell culture systems or isolated enterocytes. In recent years, the cellular uptake of long-chain fatty acids has been considered, at least in part, to be carrier mediated (24-27). Until now, some carriers that help transport the fatty acids into enterocytes across cellular membranes have been reported (1) (2) (3) 5) . On the other hand, only a few studies have been performed on the ex istence of the carrier-mediated system in vivo (28). We considered that the mechanism of the inhibition effect of oleyl alcohol on long-chain fatty acid absorption in our "in vivo" experiments might involve, at least in part, the competitive inhibition of the uptake into the enterocyte by a carrier-mediated system. We have pre viously demonstrated that molecule(s) that recognize long-chain fatty acid specifically exist in the cellular membrane of rat isolated enterocytes (6) and IEC-6, rat intestinal epithelial cell line (7) , and this recognition was inhibited by fatty acid derivatives. These results suggest that oleyl alcohol inhibits the gas trointestinal absorption of long-chain fatty acids in vivo.
